The level of radioactivity from 222 Rn in the air has to be monitored to control systematic effects on the background level at the KIMS (Korea Invisible Mass Search) dark matter search experiment. We designed and constructed a radon detector using a silicon photodiode that collects 218 Po and 214 Po daughter ions electrically and detects their α decays. Results for the detector calibration with a standard radon source, as well as the dependence of the α-particle detection efficiency on the humidity, are presented. The radioactivity of radon at the YangYang underground laboratory is measured and continuously monitored.
I. INTRODUCTION
Many theoretical and observational results from astronomy indicate that the universe is dominated by dark matter, an unobservable massive components. Among the various candidates for the dark matter, the weakly interacting massive particle (WIMP), which could be the lightest supersymetric particle (LSP) in the supersymmetry theory, is the most compelling. The Korea Invisible Mass search (KIMS) is a dark matter search experiment using the CsI(T ) crystal detector for the direct detection of the WIMP interaction. CsI(T ) crystal scintillators can detect a few keV energy deposited by the recoiled cesium or iodine nuclei by elastic scattering from a WIMP. The CsI(T ) scintillator has a good pulse shape discrimination (PSD) capability that provides a means to distinguish between the γ background and the nuclear recoil signals induced by a WIMP or neutron scattering. A simplified drawing of the KIMS detector including its shielding is shown in Fig. 1 , and a detailed description of the experimental setup and the results of the KIMS experiment are reported in elsewhere [1] [2] [3] .
Reduction of the low-energy γ background is the A simplified drawing of the KIMS detector setup. Nitrogen gas flows inside the copper shield where the CsI(T ) detectors are located. The atmospheric pressure inside the copper shield is maintained to be higher than the outside pressure to prevent any air leakage into the copper shield. Outside of the copper shield is typical cavern air.
most important feature of any underground dark matter search experiment, even though PSD can be used for a statistical background suppression. The majority of the external γ background comes from the radioactive decay of isotopes in the surrounding rocks and the air in the underground experimental hall. The radioactivity of the rock surrounding the experimental hall is discussed in the following section.
Typically, the air of underground caverns is contaminated by radon ( 222 Rn) and thoron ( 220 Rn), which are decay products of 238 U and 232 Th, respectively. Contamination from 220 Rn is less problematic because it decays into a stable element, 208 Pb, within a few tens of hours, as shown in Fig. 2 , which charts the decay chains of 238 U and 232 Th. The decay of 222 Rn and 220 Rn generate α particles with a few MeV energy plus γ rays. These γ rays are potentially a significant background for rare-event experiments. To suppress the radon contamination, nitrogen gas is flowed inside the copper shield where the CsI(T ) detectors are located. We expect this reduces the effects from radon in the air to low enough level. However, in order to verify this and to improve our systematic understanding of the γ background, we must monitor the radon activity continuously. For the purposes of monitoring the radon radioactivity in the air outside the copper shield, a radon detector was constructed, and used throughout the experiment. It was installed outside the main shielding, independent of the other detectors.
II. RADIOACTIVE ENVIRONMENT OF THE YANGYANG UNDERGROUND LABORATORY
The experimental hall of the KIMS experiment is located in a tunnel of a pumped storage power plant at YangYang, Korea. The minimum depth of the YangYang underground laboratory (Y2L) is 700 m (2000 m water equivalent). The radioactivity of the rock around Y2L was measured using an inductive coupled plasma -mass spectroscopy (ICP-MS) method at the Korean Institute Table 1 and compared with other underground laboratories in Table 2 . The results show that the content of thorium is rather high compared to that of uranium. This is consistent with the geological information that the rock is shale-originated gneiss from the Precambrian era with an age of about 2 billion years [4] . Most of the natural uranium is 238 U, which decays to 222 Rn. The half life of 222 Rn is rather long, and during this time, some of it can escape from the surrounding rock, becoming a potential background source for the experiment. The thorium level is also higher than that in other experimental halls; however, the effects of 220 Rn are not so dangerous, because it does not have much time to escape from the rock because of its short half life.
III. DESIGN OF THE RADON DETECTOR
There are several methods to measure the radon in the air. Although the methods are different, their common feature is the detection of α particles generated in the decay of 222 Rn. We have chosen the electrostatic method for α particle measurements. The 222 Rn decay products ( 218 Po, 214 Pb, 214 Bi, and 214 Po) recoil with a kinetic energy of several hundred keV, and subsequently, they become positively ionized while being stopped by interactions with gas molecules (stripping effect [15] ). These positive ions can be collected by applying an electric field, and α particles from the subsequent decays can be easily detected by using a semiconductor detector. The merits of this method are high statistics and high sensitivity of measurements due to the collection of the α emitters. Since the sampled air can be exchanged regularly, continuous monitoring is possible, and the degradation of detection efficiency is small. This method has been adopted by several underground experiments, such as Super-Kamiokande [16] , Borexino [17] , SNO [18] , and Elegant V [19] .
The detailed structure of the radon detector is shown in Fig. 3 . For the active detector, we use a 30 × 30 mm 2 silicon PIN diode. The main air sampling chamber of 69.3 liter in volume is made of stainless steel and connected to an electrical ground. By applying negative high voltage to the photodiode, an electric field is generated inside the chamber. Using a voltage divider near the preamplifier, the applied high voltage is -500 V and the photodiode bias voltage is -70 V. Because the Boulby [5, 6] 67 ± 6 127 ± 10 < 0.14 Gran Sasso (Hall A) [7, 8] 6800 ± 670 2167 ± 74 0.3 ∼ 2.6 Gran Sasso (Hall B) [7, 8] 420 ± 100 62 ± 20 0.3 ∼ 2.6 Soudan [9, 10] 170 ± 60 890 ± 20 50 ∼ 190 Sudbury [11, 12] ∼ 1200 ∼ 5300 ∼ 3 Homestake [13, 14] 400 ∼ 3500 1900 ∼ 15000 1 ∼ 5 Y2L (This study) 1770 ∼ 2820 11100 ∼ 14500 ∼ 1. strength of the electric field inside the main chamber is not very high, the α collection efficiency does not reach saturation, so an accurate calibration is required.
The operational scheme of the detector is shown in Fig.  4 . The air is sampled approximately every hour through a moisture trap. The decay products of 222 Rn are known to attach easily to aerosols, trace gases, oxygen and water molecules due to neutralization effects [20] . The silicagel moisture trap is mounted at the gas inlet in order to reduce the humidity inside the detector chamber. Another method to control humidity is the application of a correction that compensates for the dependence of the α detection efficiency on the humidity. We apply both methods to increase the detection precision and to reduce the systematic uncertainty. 
IV. ESTIMATE OF RADON RADIOACTIVITY

Calibration of the Radon Detector
A standard radon source is used for the absolute calibration of radon detector. Our radon source was made by the Korea Research Institute of Standards and Science (KRISS) by dissolving 226 Ra in a 5% HNO 3 solution. The maximum activity of the radon source is set to (3.52 ± 0.02) × 10 −9 Ci, which corresponds to 50.8 pCi/L inside the detector chamber.
A schematic drawing of the radon detector calibration setup is shown in Fig. 5 . By circulating radon-free air in a closed loop connected to the radon solution, the designed activity of radon is extracted from the standard radon source. After the extraction of radon, air circulation is stopped, and the decays of radon are measured for 30 days. A moisture trap is also mounted at the outlet of the radon source to keep the air dry to remove the effects of humidity when extracting radon. The radioactivity of the moisture trap before and after the radon gas extraction was measured by using a high purity germanium detector (HPGe) to estimate the effect of filtration of radon gas by the moisture trap. Compared to the initial measurement, we could not find any enhancement of the radioactivity of the moisture trap after the extraction of 222 Rn gas from the standard source. As a result, we can conclude that the effect of the filtration of 222 Rn by the moisture trap is negligible.
An example of the measured α energy spectrum for one-hour calibration data taken with the radon detector is shown in Fig. 6 . The 6.00 MeV 218 Po and the 7.69 MeV 214 Po α decay peaks can be well identified with a moderate energy resolution of ∆E/E = 8% FWHM. The number of events of both decays are obtained from a fit to the α energy spectrum with two asymmetric Gaussian signal functions plus a second-order polynomial function that models the background events. These background events come from the electronic noise from the voltage divider. The number of 6.00 MeV α-decay events of 218 Po, which is the first daughter nuclide of 222 Rn, is used to evaluate the calibration factor and the activity of the 222 Rn. The calibration data are shown in Fig. 7 . The measured half life of 222 Rn is 3.822 ± 0.016 days, which is consistent with the most precise measurement, 3.8235 ± 0.0003 days [21] .
We obtain the calibration factor by comparing the activity of 222 Rn expected from the standard radon source and the measured event rate from Fig. 7 . The calibration factor, C f , is defined as
The calibration factor is evaluated to be C f = 4.97 ± 0.01pCi/L/Hz. The uncertainty in the calibration factor comes from the statistics of the calibration data sample, the signal extraction procedure for 218 Po decay, and the fitting procedure to obtain the half life.
Measurement of the Humidity Dependence
When 222 Rn or its progenies decay via α emission, the progenies become positive ions most probably because of their high kinetic energy and stripping effects. Positive ions attach easily to water molecules or aerosols, neutralizing themselves. These neutral molecules cannot be collected by the electric field inside the radon detector; thus, any humidity in the sampled air degrades the α detection efficiency. In order to measure the radon activity independently of the humidity, a precise calibration on the effect of the humidity is required. We define a humidity correction factor, H f , as
(Expected activity at zero humidity) (Measured activity) .
The experimental setup for the measurement of the humidity correction factor is similar to the calibration setup described in the previous section. After radon with a known level of activity is pumped inside the radon detector in a zero humidity condition, the radon source is replaced by a constant-humidity solution that blows the moisture into the detector. The constant-humidity solution is an over-saturated solution of any salt and results in the humidity inside the solution vessel remaining constant. We measure the humidity correction factor by comparing the activity measured before and after blowing in the moisture. Figure 8 shows the measured humidity correction factor. The effect of humidity is not significant when the relative humidity is less than 30%, which is the case for Y2L experimental hall. The average temperature, relative humidity and atmospheric pressure of Y2L are measured to 30.2 ± 1.4
• C, 29.2 ± 4.7%, and 1013 ± 9 mbar, respectively. 
V. RADON ACTIVITY MEASUREMENT IN Y2L
We operated the radon detector from 2004 to 2009. The total number of data runs was around 20300, with a total running time of 847 days. We evaluate the activity of 222 Rn, A c , by applying the equation
where N and T are the number of 218 Po decay events and the time of data acquisition (typically 1 hour), respectively. The factors C f and H f are the calibration factor and the humidity correction factor, respectively, described in the previous section. A volume correction factor, V f , is also applied to convert the measured activity of 222 Rn to that of the standard condition for temperature and pressure, 25
• C and 1 atm. Table 3 summarizes the systematic uncertainties of the radon activity measurements. The systematic uncertainty from the procedure to extract the number of signal events (event counting) is obtained by varying the criteria for signal event selection. The uncertainties from the calibration factor and the humidity correction are obtained from the calibration stage, as described in the previous section. The uncertainties due to the volume correction factor and the time of data acquisition are negligible. The radon detector itself has an intrinsic background due to contamination or the leakage of the radon detector chamber. We measure the radon activity of pure nitrogen gas to estimate this intrinsic background. The radon content of pure nitrogen gas is known to be 1.4 × 10 −5 pCi/L [22] . The total background event rate over the whole α energy range of the radon detector is mea- sured to 0.05 ± 0.02 Hz, which corresponds to a 222 Rn activity of less than 0.1 pCi/L. This intrinsic background event rate is taken as the systematic uncertainty for the measurement of radon activity. The total uncertainty level is around 10%, depending on the activity. Considering the systematic uncertainties, the measurement limit of the radon detector is less than 0.1 pCi/L.
The result of measurements of the radon activity in the air of the Y2L experimental hall, including the systematic uncertainties, is shown in Fig. 9 . The average radon activity in the air of Y2L during this period was 1.20 ± 0.49 pCi/L. When compared with the environmental variables, no significant correlation was found between the radon activity and temperature, humidity or atmospheric pressure of the experimental hall. As can be seen in Fig. 9 , no periodic change in radon activity was evident. Also, we could not find any evidence for a change in detection efficiency, with respect to the energy spectra. Compared to the typical life time of PIN diode, the aging of the PIN diode is not significant in this low event-rate environment and relatively short time of operation. Therefore, we assume that the trend in the change of the radon activity reflects the effects of exter-nal sources, such as the condition of the ventilation of the experimental tunnel, as well as the replacement of the air filter in the air conditioning system of Y2L.
VI. CONCLUSION
We designed and constructed an electrostatic radon detector to measure the 222 Rn activity in the air at Y2L, the KIMS dark matter search experimental hall. The measurement sensitivity limit of the radon detector was less than 0.1 pCi/L. The radon detector was calibrated using a standard radon source, and the dependence of the radon activity measurement on the humidity was estimated. The average 222 Rn radioactivity of Y2L is 1.20 pCi/L, which is small compared to other underground experimental halls. From an accurate measurement of radon activity, we expect that we will be able to understand the systematic effect of environmental radioactivity on the dark matter search experiment more reliably. An accurate measurement of 222 Rn activity variation will help a systematic understanding of the annual modulation of WIMPs in the KIMS experiment.
